Abstract-A novel reduced size three band Koch Pentagonal fractal antenna is presented. The proposed antenna uses pentagonal shape for the basic fractalization combined with inner sides etched with Koch fractal pattern of the first iteration providing reduction in the overall size of the antenna. For higher order of iterations, more size reduction is achieved, producing equal number of radiation bands. Optimization is done for achieving radiations in the S, C and X bands. Ansoft HFSS, CST Microwave Studio and Solid Works are used for the 3D Modeling, S 11 frequency optimization and radiation pattern calculations. The proposed third iteration fractal configuration is fabricated on Rogers RT5870, and measured results are presented. Size reduction up to 43.26 percent in terms of its overall size and 75.18 percent in terms of copper cladding remaining is achieved for the third iteration proposed fractal antenna in comparison to pentagonal patch antenna operating in the first resonant frequency band.
INTRODUCTION
The term fractal was originally conceived by Mandelbrot [1] to describe a family of complicated configurations that have repeatability in their shapes. The main motivation of fractal modeling comes from the many fractal shapes present in nature. For example, fractals have been magnificently used to model complex natural entities such as clouds, boundaries, coastlines, galaxies, mountain ranges, snowflakes, ferns, This paper presents a novel Koch Pentagonal fractal antenna based on iteratively fractalizing pentagonal patch and simultaneously etching the inner sides of the pentagon with Koch fractal antenna of the 1st order for miniaturization and multiband behavior.
KOCH EMBEDDED PENTAGON CELL ANALYSIS
The novel approach of embedding first order Koch fractal geometry in the pentagonal patch antenna is used for achieving miniaturization in the overall size of the pentagon patch. With the increase in the size of first order Koch fractal, the metallic part of the antenna reduces, and the resonant frequency of the pentagon also tends to shift towards the lower frequencies. Simulations are done to analyze the exact effects of etching Koch fractal into the center of pentagon patch.
The single pentagon patch is designed according to the methodology available for microstrip antenna design from the following equations [6] . 
f r is the first resonant frequency of 2.4 GHz, r the dielectric constant of the substrate of value 2.33, h the height of the substrate taken as 1.575 mm, reff the effective dielectric constant, L diff the increase in length due to fringing effects, L pent the length of each side of the pentagon calculated to be 40.22 mm, and v o the freespace velocity of light. The HFSS labeled model of pentagon patch is shown in Figure 1 frequency points. At Koch fractal length 2 mm, the frequency response is 2.37 GHz at −17.35 dB, whereas at Koch fractal length 30 mm, the frequency response is shifted down to 1.86 GHz at −3.42 dB. Hence there is a trade-off between the size reduction and antenna efficiency. Effects of embedding different sizes of first order Koch fractal in the pentagon patch and its effects on the resonant frequency points of the pentagon patch are illustrated in Figure 3 . The comparison of frequency responses for originally designed pentagon antenna at 2.4 GHz for WiFi applications and optimal Koch fractal pentagon antenna are shown in Figure 3 (a). The relationship between the Koch fractal area, frequency and S 11 response is depicted in Figure 3 As depicted in Figure 3 (b) the frequency tends to shift downwards starting from 2.37 GHz to 1.86 GHz as the Koch fractal area is increased from 3.36 mm sq. to 756 mm sq., respectively. It will require the size of the antenna to be reduced in order to tune the Koch pentagon antenna back to 2.4 GHz, thus its representing effects of Koch fractal area on size reduction of the pentagon antenna. Improved matching is an additional advantage of embedding the Koch fractal in the pentagon upto a certain increase in Koch fractal area and optimal value is selected for the further fractalization of the proposed third order geometry. The empirical relation between the Koch embedded fractal area of the first order and the S parameters is determined by using Curve fitting tool of MATLAB. Equations (1), (2) and (3) gives the relation between Koch fractal area and S parameters with three different fit types of Gaussian, Fourier and Sum of Sine functions respectively. The corresponding calculated coefficients for the three fits are illustrated in Table 1 . The Sum of squares due to error (SSE), Coefficient of determination (R-square), Degree-of-freedom adjusted coefficient of determination (Adjusted R-square) and Root mean squared error (RMSE) are found out to be 1.919, 0.9989, 0.9731, 1.385 for the Gaussian, 1.587, 0.9991, 0.9968, 0.4762 for the Fourier and 1.299, 0.9992, 0.9818, 1.14 for the Sum of Sine functions respectively.
KOCH PENTAGONAL FRACTAL ANTENNA DESIGN
The proposed fractal geometry is designed for resonating at the first harmonic frequency of 2.4 GHz for the WIMAX and WIFI applications. The unit cell and first three iterations of the Koch fractal geometry and pentagonal fractal geometry is shown in Figures 4(a) and 4(b) Figure 4 (c). Unit cell of this fractal consists of the pentagonal patch which is etched from the inside based on optimally selected first order Koch fractal geometry. The 1st iteration of the Koch pentagonal fractal antenna is shown in Figure 4 The 2nd iteration for the Koch pentagonal fractal geometry is depicted in Figure 4 (c). The five Koch pentagons of the 1st iteration are fractalized into 25 Koch pentagons. Each Koch pentagon of the 1st iteration is fractalized into five Koch pentagons at the ratio of 2/5. The overall scaling of the 25 Koch pentagons of the 2nd iteration is at the ratio of 4/25 in comparison with the Koch pentagon of the basic cell. The Koch fractal of the 1st iteration etched in the center of the pentagon is scaled at the ratio of 4/25 with respect to the Koch fractal of the 1st iteration used in the basic cell. This inner Koch fractal of the 1st order for the 2nd iteration of Koch pentagonal fractal geometry is at the ratio of 2/5 with respect to inner 1st order Koch fractal used in the 1st iteration of Koch pentagonal fractal, hence giving a symmetry in the ratios with which both the main pentagon and inner 1st order Koch are fractalized from 1st iteration of the Koch fractal geometry to 2nd iteration. The total number of inner 1st order Koch fractals used in the 2nd order of Koch pentagonal fractal geometry are 25 as depicted in Figure 4 (c). The 3rd iteration of the Koch pentagonal fractal antenna is shown in Figure 4 (c). The 25 Koch pentagons of the 2nd order Koch pentagonal fractal geometry are fractalized into 125 scaled down Koch pentagons as depicted in Figure 4 (c). The overall scaling of these 125 Koch pentagons used in the 3rd iteration of Koch pentagonal fractal geometry is at the ratio of 8/125, 4/25 and 2/5 in comparison with the Koch pentagon of the basic cell, Koch pentagonal fractal geometry of the 1st iteration and Koch pentagonal fractal geometry of the 2nd iteration respectively. The Koch fractals of the 1st iteration etched into the center of the Koch pentagons used in the 3rd iteration of the Koch pentagonal fractal geometry as shown in Figure 4(c) , are at the ratio of 8/125, 4/25 and 2/5 in comparison with the Koch fractal of 1st iteration used in the center of the basic cell of Koch pentagon fractal geometry, 1st iteration of the Koch pentagonal fractal geometry and 2nd iteration of the Koch pentagonal fractal geometry respectively. The total number of 1st order Koch fractals used in the 3rd iteration of the Koch pentagonal fractal geometry is 125.
SIMULATION AND MEASURED RESULTS
The proposed fractal antenna is designed to achieve desired resonant points in S, C and X frequency bands. In these frequency bands, the Koch pentagonal fractal antenna can be tuned to a wide range of frequency points according to specific applications. For demonstrating the frequency tuning capability of the proposed antenna six different scaled third iteration fractal configurations are illustrated in Figure 5 . The variables cr, cr2 and cr3 represent the radii of cell, first order and The proposed antenna third iteration fractal antenna 3D HFSS labeled model, Solid Works dimensions drawing, and fabricated prototype are shown in Figures 7(a) , 7(b) and 7(c), respectively. The proposed antenna is designed on Rogers RT5870 with dielectric constant 2.33, thickness 1.575 mm, and loss tangent 0.0012. The height of the ground plane is optimized for achieving maximum bandwidth and gain efficiency. The dimension details along with their descriptions are listed in Table 2 . The area of the proposed fractal antenna is 1487.54 mm in terms of its overall size and 650.79 mm sq in terms of copper remaining and the area of original pentagon patch antenna is calculated to be 2622.07 mm sq.
Hence there is a size reduction of 43.26 percent in terms of its overall size and 75.18 percent in terms of copper remaining. The third iteration fractal antenna is designed to operate for S, C and X Band applications. Measured and CST simulated S 11 responses of the proposed fractal antenna with the desired frequency bands achieved by optimizing the ratios of cr2 and cr3 are shown in Figure 8(a) . CST simulated real, imaginary, magnitude and phase plots for the input impedance versus the three frequency bands of the proposed fractal geometry are shown in Figure 8 (b). Third iteration Koch pentagonal fractal antenna E-field, H-field, surface current and current density plots are illustrated in Figure 9 for S, C and X band frequencies. The z component of the E- Figures 9(j) , 9(k) and 9(l) respectively. For the first resonance at 2.4 GHz the current is concentrated in the Koch pentagons as a whole with no current flow at the center of the fractal antenna thus producing the first resonance of the proposed antenna. The current density at 7.4 GHz in Figure 9 (k) is concentrated along the inner and outer regions of the Koch fractal pentagons of the second iteration which represents the radiation of the antenna in the second frequency band, with little current flowing at the inner areas of the whole Koch pentagon. For the frequency of 9.2 GHz, the current density concentration in Figure 9 (l) is along the smallest length Koch pentagons designed for the third iteration of the Koch pentagonal fractal geometry, having no currents concentrated along the inner or outer sides of the Koch pentagon fractals designed for the second iteration of the fractal configuration thus representing the resonance of the antenna in the third frequency band.
The three-dimensional CST gain plots for the third iteration Koch pentagonal fractal antenna are shown in Figure 10 for S, C and X frequency bands. Comparison of measured vs simulated gain plots in the S, C and X bands are illustrated in Figure 11 and detailed measured gain patterns and gain vs frequency for the S, C and X bands are shown in Figure 12 . 
CONCLUSION
The multiband novel Koch pentagonal fractal antenna has been presented for wireless communication applications. The proposed novel third iteration Koch fractal antenna is designed, modeled, simulated, fabricated, tested and verified for the radiation characteristics in S, C and X Bands. Novel methodology for controlling the desired frequency points from the proposed Koch pentagonal fractal antenna is presented. The antenna exhibits good matching and radiation efficiencies across the bands specified. The concept of size reduction with the use of fractal geometry has been validated in comparison with conventional pentagonal patch antenna.
